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ABSTRACT
Diffusion MRI is established as an essential tool for both clinicians as
well as biomedical scientists. Its application plays an important role in
diagnosis and management of acute stroke, tumors, trauma, and
infectious disease, among myriad other applications. Furthermore,
diffusion studies are crucial for understanding disease processes caused
by developmental and neurodegenerative disorders. The latest
developments in quantitative diffusion imaging have broadened the
potential application of the technique for both clinical and research
applications. However, ongoing research is critical in order to further
improve the accuracy and reproducibility of quantitative diffusion MRI
techniques. Correlation time diffusion (D-CT) is emerging as an
alternative technique for obtaining diffusion qMRI data[1][2][3]. Using the
D-CT technique, T1 relaxation data is analyzed, using a modified BPP
relaxation theory, in order to calculate the correlation times of protons’
stochastic processes and relate these times to solution viscosity in order
to calculate proton diffusion coefficients, ADCs.
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The purpose of our study was to compare age related changes, during
childhood and early adulthood, of global brain diffusion coefficients
obtained by correlation time technique to global brain diffusion
coefficients obtained by a conventional pulsed field gradient technique.
In our study, we used the data of 27 subjects (0.5-24 years old), who
were scanned with Mixed-TSE and DW-SS-SE-EPI pulse sequences.
Subsequently, we processed the resulting directly acquired images to
generate T1, T2, PD, ADC maps as well as volumetric data. We used the
student t-test and linear regression analysis to compare and interpret
our data. Our results show a strong positive correlation between the
volumetric data. Good correlation between ADC values was observed,
with the widest discrepancy between DCT, DPFG (about 17%) observed in
the youngest subjects, and the smallest discrepancy noted in the older
subjects.
vii
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11. Introduction:
Diffusion-weighted MR imaging (DWI) is a powerful imaging technique
that detects water molecules’ random motion within tissues. This
imaging technique produces images in which the contrast is dependent
on the water diffusion and allows for the calculation of apparent diffusion
coefficient (ADC) values and generation of ADC maps. The diffusion
behavior within tissues provides valuable information regarding the
tissue structure and integrity. Therefore, DWI today is used to
understand and diagnose a variety of disease processes, including acute
ischemia, neurodegenerative disorders, infections, and tumors[4–6].
However, despite the fact that the use of DWI of the brain is well
established clinically, many pitfalls and limitations are inherent in the
use of the pulsed field gradient (PFG) pulse sequence in DWI. The PFG
sequence was introduced in 1965 by Stejskal and Tanner as a
convenient method to introduce DWI to MRI acquisition[7]. A PFG
sequence is a pulse sequence modified by adding two pulsed magnetic
gradients (diffusion gradients) that are switched on and off between the
RF pulse and acquisition with the strength of the gradients (g) varied to
obtain different b-values. PFG sequences are designed to detect random
microscopic motion that appears as signal amplitude attenuation
because of an induced phase shift distribution and resultant irreversible
loss of coherence. However, when it comes to macroscopic motion, such
2as head motion and respiratory movement, the large diffusion gradients
used to sensitize the sequence to motion becomes a source of significant
artifactual image quality degradation in DWI related to motion artifact.
Macroscopic motion detection, which is interpreted as an artificial signal
loss that causes overestimation of ADC value[8], is manifested as ghost
formation in the image along the phase encoding direction. Subject
immobilization alone is not enough to overcome this issue as pulsatile
motion coming from the cardiovascular system also affects the diffusion
data. In order to overcome motion artifacts caused by macroscopic
motion, fast image acquisition techniques are put into practice, typically
single shot diffusion weighted echo planar imaging (SS-DW-EPI). In EPI,
a fast readout train less than 100 ms is typically used which is sufficient
to “freeze” most motions in vivo[9]. However, SS-DW-EPI may not be
immune to all motion effects. This is evident from [S. Brockstedt et al.
1999] study; the authors report that the average standard deviation of
the ADC values is lower for ADC maps obtained with ECG-triggered EPI
than that obtained with non-gated EPI [10].
The use of the SS-DW-EPI acquisition has made DWI less vulnerable to
macroscopic motion effects. However, a set of EPI related artifacts is
found to affect DWI. The major EPI related artifacts include eddy
currents and low bandwidth. Rapid switching of diffusion gradient pulses
3can result in current induction in the conducting surfaces of the MRI
scanner. These currents, eddy currents, generate local magnetic field
gradients that acts as small spatially variable diffusion gradients[11]. The
mismatch between the local gradients and the imaging gradients leads to
slight variations in the actual voxel size, which in turn leads to error in
the calculated ADC values[8]. In addition, the reconstruction algorithm
does not take into account eddy currents, which can result in
geometrical distortions and blurring in the final image[8].
Another source of artifacts is related to the imaging gradients typically
used in the MRI pulse sequence for slice selection, readout, and phase
encoding. These gradients can affect the diffusion signal[11] by acting as
a unwanted diffusion gradients. The effect of imaging gradients on the b-
value should be estimated, in order to ensure precise diffusion
measurements[12]. Another hardware related problem arises from the
fact that strong and stable gradients are needed to detect the molecular
diffusion effects. Such a technical requirement is challenging in MRI
scanners designed for clinical use in which the use of strong gradients is
potentially associated with peripheral nerve stimulation (PNS)[13]. To
compensate for gradient power, relatively long gradient pulse widths can
be used, which make it difficult to interpret the diffusion measurements
as the diffusion time becomes more difficult to identify[8]. Another source
4of limitations for the PFG-DWI technique comes from T2-weighting as the
image contrast comes from both T2-weighting and diffusion. Therefore, a
bright signal may come from a reduced ADC or an increased T2
relaxation time; this effect is known as the T2-shine through artifact of
the DW images. It can lead to misinterpreting an acute infarct by an old
infarct. Differentiating between the two requires the calculation of an
ADC map which is dependent only on diffusion[8][6]. Additional
limitations related to the dependence on T2 weighting is encountered
with tissues with shorter T2 relaxation times which demand relatively
short TEs for imaging, limiting the range of b-values achieved, and
ultimately resulting in poor SNR[8]. Despite the list of limitations
presented above, PFG diffusion MRI has become recognized as an
established technique in both clinical and research settings. However,
one should always be aware of the limitations and pitfalls of the
technique, especially when used to get an accurate and comparable
quantitative data. Our work is a contribution to the active research
currently being conducted to refine quantitative diffusion MRI and
expand its limits.
In this work, we propose the use of mixed Turbo Spin Echo (mixed-TSE)
pulse sequence and the correlation-time diffusion technique[3][2]to
measure the peak ADC histogram values of the human brain during
5childhood and early adulthood. In addition, we aim to compare these
measurements to the peak ADC histogram values obtained by the
conventional PFG-based SS-SE-EPI. The proposed mixed-TSE imaging
sequence and the correlation-time diffusion technique are known to be
less susceptible to non-diffusional motion artifacts, generate images of
higher quality[1] [3][2], and essentially avoid the hardware artifacts
associated with the PFG diffusion imaging technique.
2. Theory of Diffusion MRI:
2.1 The diffusion process:
Diffusion refers to the process by which particles of the matter
intermingle secondary to spontaneous motion. When temperatures are
above 0˚ K, the diffusion process is driven by thermally dependent
random motion, termed Brownian motion. Molecular weight,
intermolecular interactions (viscosity) and temperature are important
factors of which the diffusion process depends on.
In the NMR study of biological tissue, the process of interest is the
motion of water within water, driven by thermal agitation, and termed
self-diffusion. Whereby water molecules moves independently. In this
process molecular collisions occur, leading to random displacement of
each molecule, tracing a path known as the random walk. [7]
6The physical process of diffusion is described by Fick’s laws of diffusion,
for tracer diffusion through a medium, and by the Random Walk
description, for self-diffusion in homogeneous fluid[7]. Fick’s second law
of diffusion states that for a constant diffusion coefficient, D (mm2 s-1),
the rate of change in concentration, C, with time, t, is proportional to the
rate at which the concentration gradient changes with distance, x, in a
given direction. For constant D values and one-dimensional diffusion
process Fick’s second law of diffusion is expressed as
∁ = ∁ Equation 1
In case of isotropic diffusion, eq.1 is extended to describe the diffusion
motion along the coordinate axes
∁ = ∁+ ∁+ ∁ = ∇ ∁ Equation 2
Additionally, the probability of water molecule displacement is described
as Gaussian distribution
( , ) = √ exp Equation 3
Where P is the probability of water molecule displacement X at time t.
In anisotropic media, the diffusion properties are different along different
directions. In Anisotropic diffusion, diffusion constant, D, is described
along the three main axis of reference (X, Y, Z), and off diagonally (ij). By
7extending Fick’s second law of diffusion to accommodate for anisotropic
diffusion, we have the equation:
∁ = ∑ ∁, Equation 4
Where Dij are the elements of diffusion tensor, in case of water it is
defined by six tensors Dxx, Dyy, Dzz, Dxy, Dxz, and Dyz.
In case of self-diffusion, the process of diffusion is described by the
probability (P) of finding a particle in certain position at a particular time,
and D is the self-diffusion coefficient
= ∇ P Equation 5
A vector (R) defines the net displacement of water molecule, by the
process of self-diffusion that is described with P(R, t). In the case of
isotropic self-diffusion, a Gaussian distribution function describes the
displacement probability (Equation 3). Therefore, the mean square
displacement victor may be calculated in terms of D:〈 〉 = ∫ ( , ) = 6 Equation 6
Callaghan modified the equation according to the random walk nature of
the diffusion process, accordingly the mean square displacement
calculation formula is:〈 〉 = = Equation 7
8Where (ξ) is a constant length crossed by (n) random displacements at
constant time intervals (τ) over a time t = n τ. By using equations 6 and 7,
the diffusion coefficient arising from the random walk is expressed by the
Einstein equation:
= Equation 8
2.2 Correlation Time Diffusion:
(The following sections (2.2 to 2.4) contain the theoretical formalism from
unpublished work to be submitted to Magnetic Resonance in Medicine:
Correlation time diffusion MRI with magnetization transfer effects: theory
and preliminary results in the human brain by Jara H, Anderson SW,
Soto JA, Sakai O.)
2.2.1 Correlation time function ( c ):
Correlation function is a statistical relationship between stochastic
variables at two different points as a function of the spatial or temporal
distance between the points. Correlation functions points out
dependencies as a function of time or space and therefore they may be
used to examine the distance required between sample points for the
experimental value to be effectively uncorrelated, and can form the basis
for interpolating values at points within the correlation distance[14]. In
NMR, time correlation functions provide knowledge of equilibrium
9fluctuations and the mechanism by which these fluctuations disappear,
specifically, by relaxation mechanism[15].
In the correlation time diffusion technique, diffusion coefficients are
calculated by analyzing relaxation data in order to determine the
rotational correlation time(s) ( ). Then, is related to solution viscosity
and the diffusion coefficient by using the Debye’s and Stokes-Einstein
equations[16]. , is defined as the correlation time of the stochastic
process, which in isotropic solution is approximately the rotational
correlation time of the molecular species. The correlation time diffusion
technique is based on Bloembergen, Purcell, and Pound (BPP) relaxation
theory, which describes nuclear spin relaxation during an NMR
experiment because of the excited spin system interaction with the
surroundings. The surrounding (termed lattice) includes the substance
containing the spins with its degrees of freedom, such as rotational
degrees of freedom, in addition to degrees of freedom of other molecules
in the system (such as paramagnetic ions). The lattice is in thermal
equilibrium at all times. The saturation effect is used is used to measure
the spin-lattice relaxation time T1. The interaction between the spins is
found to contribute to the width of the absorption line. BPP theory takes
“into account the effect of the thermal motion of the magnetic nuclei
upon the spin-spin interaction. “The local magnetic field produced at one
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nucleus by neighboring magnetic nuclei, or even by electronic magnetic
moments of paramagnetic ions, is spread out into a spectrum extending
to frequencies of the order of c1 , where c , is a correlation time
associated with the local Brownian motion and closely related to the
characteristic time which occurs in Debye's theory of polar liquids’’ [17].
In 1953, Torrey[18] extended BPP theory to quantify the translational
diffusion, by including random walk theory in his treatment for the
problem. In 1955, Solomon[19] made further correction to BPP theory to
express the pure dipole-dipole interaction between paired spins for both
longitudinal and transverse relaxation for like spins, and for nuclei in
paramagnetic solution, describing a set of modified Bloch’s equations to
calculate the macroscopic motion of a system of pairs of unlike spins.
Further extension was made, by Resing and Torrey 1963[20], to relate
spin-spin relaxation times T2 to diffusion rates.
In summary, the modified BPP theory describes spin-lattice relaxation T1
of excited 1H-proton in a medium (tissue), as a result of the dipole-dipole
interaction of free protons (liquid state) that is driven by Brownian
motion in terms of molecular rotation and translation, as well as the
interaction with paramagnetic solutes. In addition, it describes the
interaction of free protons with the semisolids in the medium, in terms of
magnetization transfer MT.
11
       
MT
A
para
A
kin
A
total
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Equation 9
Where (A) refers to the liquid state pole, (kin) is contraction for kinetic,
(para) is short for paramagnetic, and MT is short for magnetization
transfer.
2.3 Kinetic Term (Rotational and Translational motion):
As the excited 1H-protons rotate and translate dipole-dipole magnetic
interaction occurs. This reaction, T1 relaxation is either inter-molecular
primarily via translational motion, or intra-molecular via rotational
motion.
   
 
 
 trans
A
rot
A
kin
A TTT 









111
111
Equation 10
According to BPP-Solomon theory [12][16], the rotational T1 relaxation
rate is:
 
         rotrotrotrotAT  02202201 41
4
1
11




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
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
Equation 11
According to Torrey [18] and the subsequent correction by Resing and
Torrey [20], the translational T1 relaxation rate is:
 
           transnormtranstranstransA PDT  12202201 4
1
1
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


Equation 12
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Where 0 is the Larmor angular frequency,  normPD is the tissue proton
density normalized to the proton density of pure water at the same
temperature; 0 is the absolute physical proton density of water
expressed as the number of 1H-protons per m3, and β is the intra-
molecular 1H-proton distance. Furthermore, the following quantities have
been defined:
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422
0
0 410
3



 h


Equation 13
And,
03
422
0
1 45
4 
 a
h


Equation 14
where a is the minimum distance of approach, and  and,,0  , are the
magnetic permeability of vacuum, the reduced Planck’s constant, and
the proton’s gyromagnetic ratio, respectively.
By defining the translational-to-rotational correlation time ratio:
 
 rot
trans

 
Equation 15
And using Eq. [10] through Eq. [15], the following null-equation is
derived:
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Therefore, the rotational correlation time of liquid pool molecules can be
calculated as a numerical root of the left hand side function of Eq. [16],
provided that   kinA1T and the normalized proton density are known for
every pixel. The translational correlation time is a function of the tissue
viscosity and the temperature via Stokes equation, i.e.   kT3R4 3vwtrans 
where vwR is the van der Waals radius of a molecule in a medium of
viscosity  at temperature T. Using Stokes-Einstein’s formula for
viscosity ( vwRD6kT  ) and Eq. [15] the diffusion coefficient is:
 rot
2
vw
CT
R
9
2D 


Equation 17
Hence, the D-CT can be mapped using Eq. [16] and Eq. [17] and maps of
the normalized proton density and the kinetic longitudinal relaxation
time. The normalized proton density can also be mapped with the pulse
sequence used in this work.
2.4 Paramagnetic Term:
The paramagnetic term is generally assumed proportional to the
concentration of the paramagnetic solute  xC , i.e.:
14
   xCrT paraA 11
1 

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
Equation 18
Where, r1 represents the relaxivity of the paramagnetic solute X. For
brain, we are interested in dissolved molecular oxygen at partial
pressures in the range of 25-53mmHg, as measured invasively using
cerebrospinal fluid (CSF) as a surrogate marker for brain oxygenation, as
discussed by Zaharchuk et al [21]. To this end we used the published
relaxivity of dissolved molecular oxygen, specifically
mmHgs107.2pORr 14211  and the oxygen-free fluid relaxation rate of
R1 = 0.2263 ± 0.0038 s-1.
2.4.1 Magnetization Transfer Term:
The MT term can be derived using the binary spin bath model [22] to
give:
 
 eq_B
z
MT
A
1
RMT
1 



Equation 19
Under the assumption that the magnetization of the semisolid pool (B) is
in dynamic equilibrium. Accordingly, the MT contribution is the product
of the fundamental exchange constant (R) and the equilibrium
longitudinal magnetization of the semisolid pool  eq_BzM .
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Inserting Eq. [18] and Eq. [19] above into Eq. [10], we can solve for the
kinetic   kinA1T of the liquid pool, specifically:
        
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eq_B
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1 RMxCrT
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


Equation 20
Guided by Eq. [19], we further model the MT term heuristically in terms
of measurable parameters (proton density and T1 terms) as follows:
     
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
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
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B
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A
1MT
A
1 PD
PDPD
T
1
T
1
T
1
Equation 21
Where   totA1T is the measured longitudinal relaxation time,  B1T is the
longitudinal relaxation time of the semisolid pool, and   1PD water  is the
proton density of pure water. The dimensionless constant of
proportionality  is a magnetization transfer coupling constant, the
numerical value of which modulates the overall effect of the MT
correction factor. The structure of this MT term is inferred heuristically
from Eq. [19] by noticing that       waterwatereq_Bz PDPDPDM  and notice the
remarkable resemblance of this map to the macromolecular fraction map
reported by Cercignani et al[23]). We further model the fundamental
exchange constant (R) as proportional to the difference between the
observed relaxation rate and the relaxation rate of the semisolid pool.
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3. Materials and Methods:
3.1 Study subjects:
Twenty-seven subjects were selected from the qMRI project database,
stored at our image-processing laboratory. The main selection criterion
was age. The group had a mean age of 7.8 years (range, 0.5 to 24 years).
The study group included both genders (12 females, 15 males) , see
All subjects were consented at the time of scan, following the National
Institutes of Health Insurance Portability and Accountability Act
guidelines. The study protocol was approved by the institutional review
board at our institution. The subjects were originally referred for MRI
imaging of the brain for various clinical indications.
3.2 Image Acquisition Techniques:
All subjects underwent a brain MRI scan at our institution using clinical
MRI scanners at 1.5T (Intera, Philips Medical Systems, Cleveland, OH).
The scanning protocol included two pulse sequences. Initially, a mixed
turbo spin echo pulse sequence (mixed-TSE) was acquired and used to
generate the correlation time ADC maps. Subsequently, a diffusion
weighted single-shot spin echo echoplanar imaging (DW-SS-SE- EPI)
pulse sequence was used to generate PFG ADC maps.
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3.2.1 Mixed-TSE:
Is a fast multislice qMRI pulse sequence that combines T1-weighting and
T2-weighting by means of inversion recovery and dual-echo sampling,
respectively[24]. The mixed-TSE pulse has four time points; it starts with
a slice selective inversion pulse with two effective echo times and two
different inversion times (TE1eff, TE2eff and TI1, TI2). Therefore, for each
slice four self-coregistered images with different T1 and T2- weightings are
generated (IR1_E1, IR1_E2 and IR2_E1, IR2_E2), see Figure 1. During a
single acquisition, two interleaved packages of slices are interrogated
sequentially; in each package, the interslice gap is equal to the slice
thickness. The acquired images may be processed to generate qMRI
maps displaying T1, T2, and PD with identical spatial resolution and the
anatomy of the directly acquired mixed-TSE scans. The mixed-TSE
sequence imaging parameters are listed in Table 2.
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Table 1: Displays subjects’ age, and gender.
Subject Age in years Gender
1 0.5 M
2 0.5 F
3 0.6 M
4 0.6 M
5 0.7 M
6 1.3 F
7 1.6 M
8 1.8 F
9 1.8 M
10 3.8 F
11 4.2 M
12 4.2 M
13 5.2 M
14 5.51 M
15 6.5 M
16 7.2 F
17 7.2 F
18 7.3 M
19 8.7 M
20 9.1 M
21 9.9 F
22 11.4 F
23 17 F
24 23 F
25 23 F
26 24 M
27 24 F
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IR 180o IR 180o
90o SE 90o SE 90o
IR acquisition                                  SE acquisition
TE1 TE1
TI TE2 TE2
TRSE TRIR
TR
Figure 1: Mixed-TSE pulse sequence diagram.
IR1_E1
IR1_E2
IR2_E1
IR2_E2
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Table 2: MR scanning parameters.
Scanning parameter DW-SS-sshEPI
(PFG diffusion)
Mixed-TSE
(Correlated time
diffusion)
Image matrix 256 256
RFOV 1 0.79
Scan % 0.80 0.90
Numbers of slices 25 80
Slice Thickness 4-5 3
Gap (mm) 0.5-0.4-0 0
Pixel spacing 0.98-0.93-0.84 0.93
Voxel dimensions (mm) 2.2x3.2x5.00 0.94x1.25x3.00
Echo time (ms) TE = 74 TE1,2 = 7.14 and 100
Repetition time (ms) ~4,000 TR = 14,882
Inversion times (ms) n.a. TI1=700
Readout(s) EPI factor = 89 ETL= 18
b-factors (s mm-2) 0/1000 n.a.
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3.2.2 DW-SS-SE- EPI:
This is the standard diffusion imaging sequence routinely employed in
our clinical scanners; see Figure 2. EPI readout is used to read all k-
space lines of each slice from a single spin-echo signal using partial k-
space acquisition to ensure minimal T2-weighting. The sequence
generates two image per slice, with and without diffusion weighting
(b=zero s/mm2, b=1000 s/mm2). The acquired images were subsequently
processed to generate ADC maps. See Table 2 for MR imaging parameters
180o
90o GD GD SE 90o
δ δ
TE/2 TE/2
∆ TE
TR
Figure 2: DW-SS-SE- EPI pulse sequence diagram.
g g
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3.3 Image Processing Techniques:
All acquired images were transferred as DICOM files and processed with
qMRI algorithms programmed using MathCAD (2001i PTC, Needham,
MA)[25]. A dual-space clustering segmentation technique was used to
segment the ICM (Gray matter, white matter, and CSF), and generate
ADC maps for correlation time and PFG data, see Figure 3.
3.3.1 Dual-space clustering segmentation:
ICM was segmented by using a dual-space clustering algorithm that was
developed in our image processing lab[26]. The algorithm operating
principle, is based on navigating each voxel in the data set to determine
if the voxel is contained within a user predefined qMRI and anatomic
space volume(hence the dual-space). Additionally, in order to ensure the
segmentation reliability and volumetric measurement, three adjustable
segmentation parameters were available to the operator. The first
parameter is the number of standard deviations relative to the mean T1,
mean T2, and mean normalized proton density of the pixels in the
selected volume, allowing the user to specify the size of the nominal sub-
volume in the qMRI space. The second adjustable parameter is the
cluster size in anatomic space. The third parameter is the percentage
acceptance cluster size in anatomic space. The generated segments (ICM)
were inspected visually. If any part of the ICM was missing, the three
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segmentation parameters were adjusted, making them less or more
restrictive as needed, and the segmentation algorithm reapplied once
more. The process was repeated, until complete segmentation of the ICM
was accomplished. The main output of the qMRI algorithm is the T1, PD,
and T2 maps. The information derived from the maps is plugged into a
series of equations to derive the ADC value for each pixel, and ultimately
generate the DCT and the DPFG histograms and maps.
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Figure 3: Image processing flow chart.
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4. Results:
4.1 Images:
D-CT yielded high quality images (T1, T2, PD, D, and respective maps)
with high resolution and tissue contrast. D-PFG images quality were
comparable but of lower quality. Figure 5 illustrates a comparison
between ADCCT maps and ADCPFG maps, CT images shows higher
resolution and better white gray matter contrast.
Figure 4: comparison between ADC maps obtained by both methods.
ADCCT maps
ADCPFG maps
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4.2 ICM volumetric measures:
The ICM volume of each subject represents the combined volumes of
WM, GM, and CSF. Results were plotted as a function of age on a scatter
diagram. In addition, a linear regression analysis was performed on both
results. Figure 6 shows a plot of ICM volumes calculated from D-PFG
scans revealing a clear age related effect. During the first year of life,
known as the maturation period, there is a steep increase in ICM volume.
Thereafter, the increase in ICM volume continues at slower rate, and
tends to level off during the second decade of life. ICM volumes
calculated from D-CT scans also show a clear age related effect. During
the brain growth period, there is a steep increase in ICM volume.
Afterward, the increase in ICM volume continues at a slower rate, and
tends to level off during the second decade of life. See Figure 6.
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Figure 5: ICM volume changes calculated from D-PFG technique
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Figure 6: ICM volume calculated from D-CT technique.
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Linear regression analysis between the ICM volumes obtained by both
methods show strong positive linear correlation (slope=0.917, R2=0.90).
See figure 8.
Figure 7: linear regression analysis of volumetric measurements obtained
from D-PFG and D-CT techniques.
4.3 Apparent diffusion coefficient (ADC) measurements:
ADC peak values of the ICM histograms obtained with the two diffusion
techniques were calculated. Diffusion coefficient values obtained with
both techniques showed a clear age related effect. Using the D-PFG
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technique, the calculated ADC peak values were generally higher than
those calculated using the D-CT technique. The highest ADC peak values
were obtained from subjects 2 years old or less; during this maturation
period, the diffusion coefficient tends to drop sharply (see Figures 8 and
9). After this period, the rate of decline is slower, especially during the
second decade of life. Additionally, variance between inter-subject ADC
values is more evident with the D-PFG method (Mean=858.78, Standard
Deviation=70.8, Range=271.82), see Figure 8. Using the D-CT method
ADC values were smaller across all ages; the same trend is observed
here, with higher values calculated from younger subjects, sharp decline
throughout the first two years of life, and slower decline afterwards with
tendency to level off in the second decade of life. Inter-subject variance in
ADC values is smaller (Mean=777.61, standard deviation=26.89,
range=112.77). See figure 9.
4.4 Linear Correlation:
Linear regression analysis of diffusion coefficients obtained by both
methods show a positive correlation (slope = 1.6766, R² = 0.4055). See
figure 10.
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Figure 8: Global ADC peak values obtained from D-PFG technique.
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Figure 9: Global ADC peak values obtained by D-CT technique.
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Figure 10: Linear correlation between DPFG and DCT coefficients
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Figure 11: Global peak DCT and DPFG histogram values as functions of
age.
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5. Discussion:
5.1 Summary of findings:
The aim of this study was to compare correlation time diffusion imaging
technique using a mixed-TSE pulse sequence relative to the conventional
pulsed field gradient diffusion imaging technique using a DW-SS-SE-EPI
pulse sequence. The comparison parameters were the ICM volumes and
the global ADC peak values calculated throughout the age range of the
study subjects. Regarding ICM volumes, the calculated volumes were
within the range of (698.73- 1545.14 cm3) and (730.92-1528.45 cm3) for
the D-CT and D-PFG techniques respectively. With the exception of one
subject, who had macrocephalous, the calculated ICM volume for this
subject (2428.26-2424.98 cm3 respectively) falls outside the above
mentioned volume range. The linear regression analysis of ICM volumes
shows a strong positive linear correlation (r2 =0.90). The scatter plot
diagram of the ICM volumes shows a trend of steep increase of ICM
volumes during the first year of life, the rate of ICM growth then decrease
gradually over age to reach a plateau during the second decade of life.
Furthermore, the calculated global ADC peak values were within the
following range (727.8-840.58) x 10-6mm-2s-1 (mean, 777.6159 ± 26.89)
for D-CT technique, and (742.44-1014.26) x 10-6mm-2s-1 (mean,
858.7822 ± 70.8) for D-PFG technique. The scatter plots (Fig. 11) show a
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well-documented water diffusion coefficient reduction during the course
of brain maturation[27][28]. Reduction of water diffusion in normal brain
tissues during maturation and development can result from a number of
reasons. Possible reasons are decrease in extracellular volume, as a
result of increase number of glial cells and increased neurons size,
physical restriction by myelin sheaths[29], and the decrease in total
brain water concentration during brain growth and maturation period
[30][31].
Linear regression analysis shows that there is a moderate positive linear
correlation between peak ADC values obtained by both techniques (r2 =
0.4). However, the degree of agreement between ADC values varies with
age with the least agreement is observed in the youngest subjects (see
Figure 12) These discrepancies suggest that D-PFG and D-CT may be
affected differently by the maturation and growth of the brain
parenchyma, and physiological changes occurring in the early stages of
life. In the following paragraphs, we will discuss several reasons, in order
of relevance, which could explain the discrepancies between the diffusion
coefficients obtained by both techniques.
5.2 Myelination and magnetization transfer (MT):
Our results show that the infants and children brains exhibit the highest
ADC values as well as the greatest discrepancies between both diffusion
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techniques; furthermore, the younger the subject the greater the ADC
value and the discrepancy. The most likely explanation for the lower ADC
values obtained with the D-CT technique is related to the developmental
changes in myelin content. These changes are associated with shortening
of T1 relaxation times[32], and increased magnetization transfer[33]. The
T1 relaxation time and magnetization transfer are the main parameters
that are used to calculate the ADC value in D-CT technique. Water
content of the brain has the main influence on T1[34], the lesser the
water the shorter the T1. Lipid content in the white matter myelin also
has an effect on T1 through magnetic interaction with hydrogen nuclei of
the myelin lipids[34]. The interaction of water with the myelin molecules,
cholesterol, galactocerebrosides, and proteins are possible cause of the
observed increase in the magnetization transfer that accompany the
myelination process of the developing brain[35].
In conclusion, the studied D-CT technique is sensitive to the changes
that occur in the developing brain, which could make it a valuable
technique for developmental studies and for the study of demyelinating
diseases. However, further studies are needed to understand and
quantify the age related effect of myelination and magnetization transfer
on T1 relaxation, and the diffusion process.
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Figure 12: Percent difference between ADC values as a function of age.
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5.3 Heart rate:
By taking a closer look at D-PFG results we notice, that the histograms
are broader than the D-CT histograms (see Figure 13). We could
hypothesize that these finding may be in part the result of the sensitivity
of the DW-SS-SE-EPI pulse sequence to the physiological noise caused by
age related variation in heart rate[36] (see Figure 14). The heart rate
effect on ADC values might be explained by intravoxel voxel phase
dispersion caused by pulsatile brain motion[37], and/or other
contributing factors as a result of brain motion, CSF and blood
pulsations[10][38],and water molecules fluctuation caused by
intracranial volume change[39]. Pulsatile brain motion occurs because of
the arterial expansion during the systolic phase of the cardiac cycle, this
pulsatile motion appears in the images as signal loss artifact in the areas
near the blood vessels. This signal loss artifact causes overestimation of
ADC values in younger subjects whose brain experience more pulsatile
motion as consequence of faster heart rate. ECG triggering with
appropriate TDs (time delay), was documented to improve the accuracy of
ADC values in D-PFG technique [10][37][39]. On the other hand, ADC
peak values calculated by D-CT technique were lower, ADC histograms
has smaller standard deviation which does not change much with age,
that lead us to hypothesize that D-CT technique was less vulnerable to
the effects of pulsatile motion and the changes in heart rate. In
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conclusion, D-CT technique appears to be less vulnerable to the artifacts
caused by the variation of heart rate. However, more studies are needed
to investigate this hypothesis, and to find the relationship between the
change in heart rate and the ADC values in D-PFG technique.
Figure 13: Width of the DCT and DPFG histograms as functions of age.
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Figure 14: Centiles of heart rate for healthy children from birth to 18
years of age.
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5.4 Partial volume effect:
Another possible explanation to the higher peak ADC values and wider
histograms obtained with the PFG technique could be the partial-volume
effect at brain CSF interface, where CSF contamination of the voxels
causes overestimation of the ADC values [40][41][42]. Because of the
growth and the development, an increase in brain parenchyma will result
in a decrease in the surface area to volume ratio of the brain, which
means that the voxels that contain both CSF and brain parenchyma will
have a less dominant effect on the histograms as the brain grows during
childhood and early adulthood. In D-CT technique, the reconstructed
voxels are much smaller than the reconstructed voxels in D-PFG
technique, which means less partial volume effect. We conclude that D-
CT technique is less vulnerable to the partial volume effect that causes
overestimation of the D-PFG calculated ADC values.
5.5 Limitations:
A study limitation relates to the small number of subjects, and the
inequality in the number of subjects representing all age periods.
Another limiting factor was the absence of documented subject’s heart
rate during the time of scan to correlate it with ADC values.
Furthermore, not correcting for age related magnetization transfer,
affected our ability to draw conclusive decision about the accuracy of D-
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CT technique. We based our correction for magnetization transfer on the
value calculated for a 17 year old, which might not be correct for much
younger children at an earlier stage of myelination process.
6. Conclusion:
Correlation time diffusion imaging technique produces ADC values that
correlate with pulsed field gradient calculated ADC. However, in children
age has an effect on the degree of agreement, with 17% difference
observed in the youngest subject, the difference tends to decrease with
growth and development. Developmental, physiological, and iatrogenic
changes are potential explanations to this phenomenon. Further studies
are needed to establish the effect of the aforementioned factors.
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